Significant anomalous changes in the ultra low frequency range (Ϸ0.01 Hz) were observed in both geoelectric and geomagnetic fields before the major volcano-seismic activity in the Izu Island region, Japan. The spectral intensity of the geoelectric potential difference between some electrodes on Niijima Island and the third principal component of geomagnetic field variations at an array network in Izu Peninsula started to increase from a few months before the onset of the volcano-seismic activity, culminating immediately before nearby magnitude 6 class earthquakes. Appearance of similar changes in two different measurements conducted at two far apart sites seems to provide information supporting the reality of preseismic electromagnetic signals.
A two-month-long volcano-seismic activity started on June 26, 2000 in the Izu island region, Japan (Fig. 1) . On June 26, 2000, an official alarm was issued by the Japan Meteorological Agency for imminent volcanic activity of the Miyakejima Island ( Fig. 1 ) based on suddenly increased occurrences of small earthquakes under the island. In the next morning, at several kilometers west of the island, an undersea eruption occurred. A large seismic swarm started almost simultaneously (1) . A large-scale depression at the summit of the Miyakejima volcano occurred on July 8. The depression grew, with frequent phreatic eruptions to a 550-m-deep caldera with a diameter of about 1,600 m.
The population of about 3,000 was totally evacuated, from September 4 up to the time of writing of this paper (April 4, 2002) , because of the continued massive emission of toxic gases. This volcanic activity was unusual because the amount of ejecta was less than 5% of the volume of the newly formed caldera. ¶ The swarm earthquake activity rapidly migrated northwestward from Miyakejima, reaching near Kozu-shima about 30 km away in about 1 week (1) . This swarm activity generated several magnitude (M hereafter) 6 class events (Fig. 1) . The Global Positioning System data indicated that the distance between Kozu-shima and Niijima Island increased about 90 cm in about 2 months, and the whole swarm activity was explained in terms of northwestward migration of underground magma from beneath Miyakejima (2). Here we report the electric and magnetic phenomena that preceded this volcano-seismic activity. These phenomena were different from most of the preseismic electromagnetic signals reported so far for single events (3) (4) (5) because they lasted much longer before the onset of the volcanoseismic activity.
Geoelectric Potential Changes. A geoelectric potential-monitoring station with six long (1-6 km) and six short (about 30 m) dipoles using telephone cables was on Niijima Island (Fig. 1) . The sampling rate was 10 s. Fig. 2 shows typical records of the long dipole connecting Air (Niijima Airport) and Wak (Wakago Village; Fig.  1 ) for a few time windows. Niijima Island usually is electrically almost noise-free, as in Fig. 2 A and D. From about 2 months before the onset of the activity on June 26, the Air-Wak long dipole and the short dipole at Wak started to show innumerable visually clear, unusual changes, consisting of semibox shape changes and oscillations of one to a few minutes (Fig. 2B) .
The changes became more pronounced after June 26, culminating before the first nearby large earthquake (July 1, M6.4; as seen in Fig. 2C ). The monitoring system was kept out of service from July 13 to August 16 for the power failure caused by earthquake shaking and typhoons. After the whole activity was ended, the records went back to noise-free as in Fig. 2D . It is strange that these anomalous changes were not observed on other dipoles in the region.
The observation above may be better represented by the following analysis. Fig. 3 shows the 3-year records of daily spectral intensity at 0.01 Ϯ 0.0003 Hz band of the geoelectric potential difference of Wak-Air and Boe-Air long dipoles. Some rise in the spectral intensity from the late April may be noticed in Wak-Air dipole data. Changes common to Wak-Air and Boe-Air dipoles are mainly caused by geomagnetic field variations originating in the upper atmosphere. To eliminate these noises, the ratio of these two time series data were taken as shown in the upper profiles of Fig.  5 a and b. The rise before the volcano-seismic activity, the more pronounced enhancement after June 26 with a peak before the M6.4 July 1 earthquake, and the return to the noise-free situation simultaneously with the decline of the swarm activity can now be seen more clearly. The same tendency was verified for the frequency range of 0.0001-0.03 Hz, but the enhancement was strongest in the 0.006-0.03 Hz range.
Because two independent Wak dipoles (long and short), without a common electrode, showed simultaneous changes, electrode instability is an unlikely cause. Although telephone cable noise and villagers' activity could have caused the changes, it seems too coincidental that the changes occurred only during this particular time in the entire 3 years of observation. As mentioned above, of six pairs of long and short dipoles, only Wak dipoles revealed the changes. One possible factor that might have relevance to this peculiar fact is that only the Wakago area is covered by basaltic rocks, whereas the rest of the whole island is composed of rhyolitic rocks (Fig. 1) . Such a geologic heterogeneity amplifying the seismic electric signals by orders of magnitude was also reported in Greece (6).
Magnetic Field Changes.
As shown in Fig. 1 , tripartite geomagnetic differential array networks were in both Izu and Boso Peninsulas. The spacing between stations was 5-10 km. Each station was equipped with a high-sensitive, three-component Torsion-type magnetometer (7). The sampling rates were 0.02 s at SEI and MCI and 0.08 s at KAM. Extraction of possible seismo-ultra low frequency (ULF) emissions from the array data were made through the principal component analysis (8) . The north-south component data for the whole period (1 year) of tripartite observation were used to differentiate the variations caused by different sources (geomagnetic variations, man-made noise, and other sources). The ULF waveform data sampled at 1 s were fed to into a numerical 0.01 Ϯ 0.002 Hz bandpass filter on the basis of previous studies (9) (10) (11) . By measuring the correlations between the data from the three stations, we estimated three eigen vectors and eigen values ( 1 Ͼ 2 Ͼ 3 ), thereby separating three components with possibly different sources. The ith eigen value is proportional to the power of the ith principal component. Fig. 4a illustrates the time variation of the first principal eigen value ͌ 1 estimated at every 30 min together with Ap index, which is commonly used to indicate the degree of geomagnetic disturbance caused by solar activity. This figure shows that the ͌ 1 component is likely geomagnetic disturbance. The change of the second principal component ͌ 2 (Fig.  4b) shows a regular daily variation probably related to human activity, which is better illustrated in Fig. 4c . During weekdays, a lunch-time effect occurs, whereas no such effect happens on Sundays. The third principal component ( ͌ 3 ) is the variation caused by causes other than the previous two, possibly including seismo-ULF emission if it exists. The lower profiles of Fig. 5 a and  b illustrate the time change of ͌ 3 , obtained by using only the nighttime (0000-0400 local time) data. With the whole-day data, the pattern was contaminated with strong diurnal variation reminiscent of Fig. 4b .
The intensity of ͌ 3 shown in Fig. 5a begins to increase from late March and, after a lull for about 2 weeks, the volcano-seismic activity broke out. Such a brief lull has also been noticed for ULF preseismic magnetic signals in the past (9, 10) . Abrupt increase in ͌ 3 occurred immediately before the three nearby M6 class earthquakes (lower profile, Fig. 5b ) . The level of ͌ 3 was back to the usual background level when the volcano-seismic activity was finished. Thus, it is highly likely that the observed enhancements in ͌ 3 were seismogenic ULF emissions. Although less pronounced, a similar tendency was obtained at the 0.1 Hz band also. The data from the Boso Peninsula array more than 100 km distant from the swarm area did not reveal similar changes.
The intensity of ͌ 3 was about 1% and 5% of that of ͌ 1 during the preactivity period and just before the large earthquakes, respectively. This suggests that the intensity of the possible seismogenic ULF emission was probably of the order of 10 Ϫ1 nT or less. In the nearby M7-8 class events like the Loma Prieta earthquake (9) , rather strong signals could be detected by the conventional analysis. Sometimes more detailed signal processing like polarization and fractal analysis was also used for weak signal detection (10, 12) . In the present case, where the signals were expected to be weaker, the principal component analysis proved to be useful.
Concluding Remarks. In Japan, during the past several years, we have been monitoring the geoelectric potential and geomagnetic field variations and have demonstrated that apparently meaningful signals were observed depending on the magnitude and epicentral distance of earthquakes and the noise level of observing stations (e.g., refs. 4, 5, and 13); for example, both preseismic and coseismic transient geoelectric potential changes were observed for all five earthquakes with magnitudes greater than 5 that occurred within a few tens of kilometers from low-noise stations during the observation period (5, 14, 15) . The lead time of the observed preseismic changes ranged from 1 to 19 days. Even in the 1995 M7.2 Kobe earthquake for which several possible electromagnetic precursors were reported (16) , no simultaneous ULF electric and magnetic monitoring was and Niijima (NJ) area. This process was aseismic but generated electric and magnetic signatures observed at NJ and Izu Peninsula (IP). IP on Philippine Sea plate is in collision with the mainland Japan. Arrows, normal component of plate motion relative to the other side; two-sided arrows, stress; crosses, earthquakes. (b) After June 26, magma migrated along the prepared path causing the large-scale swarm seismicity and associated geodetic widening (arrows). Because of drainage of magma, the summit of MJ collapsed to form the caldera. Arrows common to a are omitted for clarity. conducted. The Izu activity in 2000 provided a rare chance for this monitoring.
Izu island region of the Philippine Sea plate is under a chronic regional southwest-northeast tensile stress because of its subduction at the Nankai and Sagami Troughs (20) (Fig. 6a and Fig.  1 Inset) . The historically recorded volcanic activity of the Miyakejima volcano with intervals of a few tens of years is caused by the rise of magma aided probably by this tensile tectonic stress. Our observations revealed two major electromagnetic phenomena. One was the enhanced variations during a few months before the onset (June 26) of the volcano-seismic swarm activity (stage 1), and the other was the more enhanced variations after the onset (stage 2).
The preswarm enhancement may be interpreted as a precursor to the whole swarm activity caused by the later magma migration. The amplitudes of the anomalous changes observed at this stage were of the order of 2 mV͞km at Wak, Niijima Island and 10 Ϫ1 nT or less at Izu Peninsula array. To produce the signals of these orders of magnitude, a simple uniformly conducting half-space model (17) , with reasonable parameters, in which a point dipole is embedded at 10-km depth in the middle of the swarm area, indicates that the dipole intensity has to be of the order of 10 6 Am, which is expected for precursors of M5 class earthquakes (18, 19) . Obviously, such a simple model cannot be applied to the present case where extreme heterogeneity of the medium is involved, as suspected from the selective appearance of signals in Niijima Island. Existence of favorable heterogeneity like conductive channels may reduce the necessary dipole intensity by a few orders of magnitude (18) . However, the enhancement was not related to any observable earthquakes. M2 class background seismicity was present, as shown in Fig. 5c , but it is not relevant because it has been going on all of the time. Moreover, all of the epicenters were in area A in Fig. 1 , and the area of the impending swarm (area B in Fig. 1 ) was essentially aseismic until the outbreak of the volcano-seismic activity according to Japan Meteorological Agency. Thus, the observation seems to require that, at state 1, electric currents with ULF frequency were being generated through a process without causing earthquakes observable by routine short-period seismometry. It may be speculated that this seismically silent process was generating distributed microelectric sources in the impending swarm zone by either electrokinetic or solid-state mechanisms (20) (21) (22) . At stage 2, the magma, instead of erupting vertically upward, migrated horizontally northwestward along the path prepared by the tensile regional tectonic stress during stage 1. Once magma migration started, a similarly migrating strong earthquake swarm was induced, and the electric and magnetic signals became more pronounced (Fig. 6b) .
Another important problem remains; i.e., throughout the whole process, electric signals were observed at only Wak dipoles. Here, highly conductive channels may be involved. Channels can be of various sizes. Macroscopic structures like geological heterogeneity and͞or faults containing bulk water may act as conductive channels (6, 18) . Even if such a favorable condition does not exist, microscopic channels may be envisaged. According to the recent studies, the stress in granular materials under load locally concentrates like roots of a plant to form the so-called ''stress chains'' (23) . If such stress chains are formed in the crust, they may also act as conductive channels. Water molecules adsorbed to the surfaces of closely packed grains in the stress chains would form networks of clusters. Proton diffusion through such networks might dramatically enhance the electric conductivity. To verify this possibility, electrical properties of clustered water molecules must be investigated further.
Although many unexplained elements remain, as stated above, the fact that two different quantities, one geoelectric and the other geomagnetic, monitored at two far apart sites indicated similar anomalous signatures seems to provide supporting evidence for the reality of electromagnetic phenomena preceding the major regional volcano-seismic activity.
